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Primary stabilityPrediction of primary stability is a major challenge in the surgical planning of dental and orthopedic
implants. Computational methods become attractive to estimate primary stability from clinical CT
images, but implicit finite element analysis of implant press-fit faces convergence issues due to contact
and highly distorted elements. This study aims to develop and validate an explicit finite element method
to simulate the insertion and primary stability of a rigid implant in a deformable bone while accounting
for damage occurring at the bone-implant interface. Accordingly, a press-fit experiment of a conical
implant into predrilled bovine trabecular bone was designed and realized for six samples. A
displacement-driven cyclic protocol was used to quantify the reaction force and stiffness of the bone-
implant system. Homogenized finite element analyses of the experiments were performed by modeling
contact with friction and converting an existing constitutive model with elasto-plasticity and damage of
bone tissue to be applicable to an explicit time integration scheme where highly distorted elements get
deleted. The computed reaction forces and unloading stiffnesses showed high correlations (R2 = 0.95 and
R2 = 0.94) with the experiment. Friction between bone and implant exhibited a strong influence on both
reaction force and stiffness. In conclusion, the developed explicit finite element approach with frictional
contact and element deletion accounts properly for bone damage during press-fit and will help optimiz-
ing dental or orthopedic implant design towards maximal primary stability.
 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The long term success of uncemented total hip arthroplasty is
dependent on both the short term healing time following the sur-
gery during in the implant must sustain loads without bone dam-
age (primary stability) and the long term osseointegration of the
bone into the implant that must prevent loosening (secondary sta-
bility) (Mjöberg, 1997; Wyatt et al., 2014). Primary stability can be
assessed by stiffness and the micromotions occurring at the bone-
implant interface, where both later affect the extent of secondary
stability (Pilliar et al., 1986; Jasty et al., 1997). The time and cost
of the experiments, the variability associated with human tissue
and the difficulty of modeling complex loading protocols foster
the use of in silico modeling for stability assessment (Reggiani
et al., 2007; van der Ploeg et al., 2012; Bah et al., 2015). Finite ele-
ment analyses (FEA) of bone-implant systems are conducted by
using implicit or explicit solver schemes. Implicit FEA models bone
either by accounting for the microarchitecture (micro-FE) (vanRietbergen and Ito, 2015) or by assigning homogenized material
properties through a continuous mesh (Charlebois et al., 2010;
Hosseini et al., 2012; Schwiedrzik et al. 2013). In general, bone is
modeled either as a linear elastic or a nonlinear elasto-plastic
material with damage, in which the reduction of stiffness is pro-
duced by cracks. Bone damage induced during implantation is
accounted for by using two approaches: 1) a priori stiffness reduc-
tion of peripheral bone elements in micro-FE models of a fully
bonded implant positioned virtually in intact bone (Steiner et al.,
2016, 2017). 2) a priori press-fit condition in stress or strain on
homogenized FE models assuming fully bonded (Inzana et al.,
2016) or frictional contact at the interface (Spears et al., 2001;
Berahmani et al., 2017). Direct simulation of the implantation pro-
cess by implicit FEA leads to excessive damage and severe conver-
gence problems. Explicit methods overcome the aforementioned
difficulties by deleting highly distorted elements and facilitating
the enforcement of contact conditions (Payan, 2012; Hambli,
2013). In the explicit micro-FE approach, the total implantation
procedure is captured using nonlinear bone material, however,
two limitations exist. First, the elements get deleted based on a
certain value of plastic strain that needs to be adjusted based on
the element size and the loading configuration of the bone-
2 M. Ovesy et al. / Journal of Biomechanics 107 (2020) 109844implant system. Second, resolution of such models is restricted to
small sizes and applying the same procedure on real bone geome-
tries would be computationally too expensive (Ovesy et al., 2019).
The existing explicit, homogenized FE approaches account for the
BV/TV (bone volume per total volume) variation and enforce con-
tact conditions at the interface while assuming linear elastic bone
(Staden et al., 2008; Guan et al., 2011; Affes et al., 2018). Other
purely numerical studies assume a Drucker-Prager constitutive
law for bone where yield stress is varied in a certain range and a
damage evolution was only added to increase stability of the sim-
ulation (Dorogoy et al., 2017). According to these previous studies,
a damage-based nonlinear material model for the explicit simula-
tion of a bone-implant system has not been developed.
This study aims to develop and validate an explicit finite ele-
ment method to simulate the insertion of a rigid implant into a
deformable bone while accounting for the accumulating damage
occurring at the bone-implant interface due to the progressive
press-fit. Accordingly, a cyclic press-fit experiment of a conical,
titanium implant into a predrilled trabecular bone cylinder is
designed and conducted for six samples that delivers the reaction
force and the stiffness of the system along the increasing press-
fit. Applying similar boundary conditions as the experiment, the
explicit finite element model of the bone-implant system is
equipped with a homogenized elasto-plastic constitutive model
including damage for bone, frictional contact between implant
and bone and an element deletion technique to overcome the large
strains occurring in the bone during press-fit. The FE model is notFig. 1. Cylindrical bovine bone sample (A). The boundary condition of the embedded bon
setup (E). Experimental loading protocol (F).only able to reproduce the qualitative structural behavior but also
to make quantitative predictions of the growing reaction forces
and stiffnesses of the system. A sensitivity analysis is conducted
to examine the influence of friction and various element sizes on
the computational results.2. Materials and methods
2.1. Conical press-fit experiment
2.1.1. Bone sample preparation
Six cylindrical trabecular bone samples with 15.5 mm diameter
were extracted from bovine proximal tibia along an axis normal to
the tibial plateau using the method presented by Voumard et al.,
2018 (Fig. 1.A). The samples were fairly homogeneous along the
circumferential direction. All samples were then shortened to
25.5 mm and embedded in 8.75 mm layer of polymethyl methacry-
late (PMMA) to reproduce the confinement of the cortical shell in
dental or orthopedic applications (Fig. 1.B and Fig. 1.D). The pilot
hole, with 4 mm of diameter, was drilled stepwise under full
numerical control at a rotational speed of 2000 rpm and a feed rate
of 1 mm/s.2.1.2. Cone geometry
The titanium cone was designed in a manner to mimic the com-
paction exerted by the femoral stem on trabecular bone of thee sample (B). The cone geometry (C). Embedded bone sample in PMMA (D). Loading
M. Ovesy et al. / Journal of Biomechanics 107 (2020) 109844 3proximal femur. Accordingly, the cone was given an angle of 10◦,
typical of the proximal part of the femoral implant (Fig. 1.C). After
manufacturing, the smooth surface roughness of 0.5 ± 0.01 mmwas
measured by confocal microscopy (S neox, Sensofar, Spain) at RMS
Foundation, Switzerland, based on the ISO 4288 standard.
2.1.3. Loading protocol
The cone was centered on the pilot hole and axially loaded into
the trabecular bone samples using a hydraulic actuator (858 Mini
bionix, MTS, USA), but was free to move in the transverse plane
(Fig. 1.E). The loading protocol consisted of a constant displace-
ment rate of 0.033 mm/s and five loading–unloading cycles with
an amplitude of 0.5 mm superimposed at each of the positions 5
mm, 10 mm and 15 mm (Fig. 1.F). The point where the cone ini-
tiated contact with the bone sample, was assigned to zero force
and displacement. Reaction forces were recorded at the beginning
of the first cycles while unloading stiffnesses were computed from
the last cycle of the loading–unloading cycle group at each position
(Fig. 4).
2.1.4. Imaging of the bone samples
Micro-computed tomography (mCT 100, SCANCO Medical AG,
Switzerland) images of the samples were obtained after drilling
and again after loading. The original image resolution was
34.4 mm, but the images were coarsened to 69 mm in order to
reduce computation time for model generation (Fig. 2.A). The
region of interest (ROI) was defined as the bone cylinder excluding
the drilled pilot hole and the surrounding PMMA. The images were
segmented by using Maximum Entropy Threshold Image Filter
provided in SimpleITK library. The threshold value was set to
3200. In order to account for material property heterogeneity,
the bone cylinders were divided into five sections in height (every
5 mm) and two sections along the radius forming inner (1.5 mm)
and outer regions (Fig. 2.B). BV/TV of all sections was calculated as:
BV=TV ¼ Bonevolume
Bonevolume þMarrowvolume
where the value of 1 was assigned to the bone voxels and 0 to mar-
row voxels. In order to compare the reaction force and stiffness at
different positions of the cone within the bone sample, a cumulativeFig. 2. 3D reconstruction (A) and 2D views with BV/TV divisions (B) of segmented
micro-CT scan after drilling with the resolution of 69 mm for the sample with 29.9%
of overall BV/TV.BV/TV along the height was calculated for each position (Fig. 2.B).
The last position deliverd the overall BV/TV of 25.5, 27.3, 28.5,
29.5, 38.0 and 57.0%.
2.2. Finite element model
2.2.1. Model geometry
Bone cylinders of 15.5 mm in diameter and 25.5 mm in height
with the drilled hole of 4 mm in diameter were meshed in Abaqus
(Abaqus 6.14 Dassault Systems, France) using 11,220 linear hexa-
hedral elements (C3D8) (Fig. 3.B). The element edge size was
2.5 mm in the peripheral section and refined to 0.5 mm in the inner
press-fit section. Similar to the corresponding micro-CT images,
the bone cylinders were divided into ten element sets to account
for the variation of BV/TV (Fig. 3.A).
2.2.2. Material properties
As trabecular orientation was aligned along the pilot hole, the
bone material properties were assumed to be transversely isotro-
pic along this axis. An elasto-plastic constitutive model with dam-
age developed for bone by Schwiedrzik et al., 2013 was
implemented into a VUMAT subroutine (Appendix A). The material
properties were calculated using the BV/TV values assigned to the
different sections (Fig. 3.A). The material constants of trabecular
bone were scaled from those used by Luisier et al., 2014 to account
for the bovine origin of the tissue (Table 1) (;Niebur et al., 2000;
Bayraktar et al., 2004; Wang et al., 2006). Since the damage func-
tion is defined as a continuous function of the cumulated plastic
strains (Wolfram et al., 2011) the bone elements were deleted
when reaching 95% of the critical damage value ðDcÞ (Appendix
A). Due to the order of magnitude difference between Young’s
moduli of titanium and bovine trabecular bone, the cone was con-
sidered to be rigid.
2.2.3. Boundary conditions and loading protocol
The boundary conditions and the loading protocol of the FE sim-
ulations are presented in Fig. 3.B and Fig. 3.C. The cone was trans-
lated along the pilot hole axis throughout the simulation, was free
to move in the transverse plane and the rotational degrees of free-
dom were fixed.
The surface interaction between the cone and the bone sample
was modeled as unilateral contact with a friction coefficient of 0.2
(Hefzy and Singh, 1997; MacLeod et al., 2012).
Quasi-static simulations were performed, where variable mass
scaling of 0.0001 was used to reduce the analysis time and it was
ensured that the kinetic energy remained lower than 5% of the
internal energy to restrict the inertial effects. The simulations were
run on a Linux based cluster (16 Intel Xeon E5 cores, 256 GB RAM)
for an average time of 6 hours per sample.
A force–displacement curve was obtained. Similar to the exper-
iment, a zero-force and position point was defined where the cone
showed the initial contact with the bone sample. Three additional
force data points were obtained from the positions of the first
unloading cycles (red points in Fig. 4). The unloading stiffness of
the cone-sample system was again computed from the last load-
ing–unloading cycle at each position.
The number of deleted elements throughout the simulation and
bone damage distribution at six stages of insertion were extracted
for the sample with a mid-range BV/TV of 29.9%.
2.2.4. Sensitivity analysis
To improve stability and save computing time for the sensitivity
analysis, the minimal effect of fixing the cone movement in the xy
plane was confirmed for the six samples and fixed boundary con-
ditions were then used to conduct the sensitivity analysis on fric-
tion and mesh convergence analysis. A mass scaling of 0.001
Fig. 3. BV/TV distribution used for the simulation for the sample with the overall BV/TV of 29.9% and the zone considered for mesh refinement (A). Simulation boundary
conditions, loading, and mesh (B). Loading protocol for the simulation (C).
Table 1
Elasticity, strength (Luisier et al., 2014) and damage material properties for bovine trabecular bone (Wolfram et al., 2011).
Elasticity
E0(GPa) m0(-) k l
18 0.249 1.878 1.076
Strength
rþ0 (MPa) r

0 (MPa) s0(MPa) v0(-) p q
122.4 167.4 103.4 0.31 1.69 1.05
Damage parameters
Dc kp
0.85 8.0075
4 M. Ovesy et al. / Journal of Biomechanics 107 (2020) 109844ensured a low kinetic energy for the fixed boundary conditions and
reduced the simulation time to 2 hours per sample.
The friction coefficient was changed from 0.1 to 0.4 (Rancourt
et al., 1990; Reggiani et al., 2007) to quantify the influence on reac-
tion force and unloading stiffness (as extracted from Fig. 4). To
compensate for the differences among the six samples in this sen-
sitivity analysis, the extracted force and unloading stiffness were
normalized by a power function of the cumulated BV/TV of their
respective sections (Fig. 3.A) in a manner to achieve the best fit
using a friction value of 0.2 for both force and stiffness.
2.2.5. Mesh convergence
Mesh convergence analyses were performed by changing the
element edge size at the mesh refinement zone (Fig. 3.A) to 0.3
(fine) and 0.7 mm (coarse), respectively and maintaining the mesh
size at the outer boundary the same as before. An additional anal-
ysis was conducted to observe the influence of the mesh refine-ment zone by meshing the whole sample with an element edge
size of 0.5 mm.3. Results
3.1. Finite element validation
3.1.1. Cone insertion, reaction force and unloading stiffness
The experimental force values were passed through a bandpass
Butterworth filter using Python signal library (4th order low pass
with critical frequency of 2 Hz) to reduce the high-frequency oscil-
lations. As expected from the increase in contact area and as shown
in Fig. 4. for the sample with a BV/TV of 29.9%, the experimental
force increased throughout the cone insertion. The experimental
force–displacement curves of the other samples are provided in
the supplementary material. Regardless of some oscillations
Fig. 4. Force-displacement curve for the sample with BV/TV = 29.9% (gray:
experiment, blue: hexahedral simulation, red dots: extracted data points, red lines:
extracted stiffness values).
Fig. 6. Damage distribution for six stages and the number of deleted elements for
the sample with 29.9% of BV/TV.
M. Ovesy et al. / Journal of Biomechanics 107 (2020) 109844 5observed in the computed force–displacement curves that we
attribute to the sudden reduction of stiffness associated with ele-
ment deletion, the overall level of the curve is in good qualitative
agreement with the experiment (Fig. 4). The loading–unloading
loops at the three positions are also rather similar, suggesting the
importance of modeling frictional contact between cone and the
bone sample.
The oscillations seem not to affect the reaction force extracted
at the first unloading cycle because few if any elements are deleted
in this mode as seen in Fig. 6.
The strong relationships between experimental and computed
reaction force (R2 = 0.95) and unloading stiffness (R2 = 0.94) are
shown in Fig. 5A and B, respectively.
The damage distribution for the six stages shown in Fig. 6 illus-
trates the increase in the number of deleted elements with pro-
gression of damage.3.1.2. Sensitivity analysis
Using fixed boundary conditions, a strong correlation was also
achieved between experimental force (slope: 1.024, R2 = 0.96)Fig. 5. Correlation between experiment and simulation for the foand stiffness (slope: 0.883, R2 = 0.94). Fixed boundary condition
was therefore used for the sensitivity analyses (see supplementary
material).
The best fit to compensate for the difference among the six sam-
ples simulated with the friction coefficient of 0.2 is achieved by
normalizing the force and stiffness data by BV/TV with an expo-
nent of 1.8.
The increase in friction coefficient increases the reaction force
and stiffness (Fig. 7.A). A power relationship is observed for both
normalized force and unloading stiffness with respect to displace-
ment and the power increases with increasing friction coefficient,
illustrating the strong effect of friction in this press-fit model
(Fig. 7.B and C).3.1.3. Mesh convergence
The force-dipslacement curves of the mesh convergence analy-
sis for the sample with a BV/TV of 29.9% are shown in Fig. 8 that all
demonstrate a very similar behavior. The normalized force at the
maximum displacement of 15.5 mm using the calculated fit chan-
ged from 13.8% to 9.9% when changing the mesh from coarse to
regular and regular to fine, respectively. Using the same extraction
procedure for the normalized stiffness values, changing from
coarse to regular mesh had 11% of effect on the results at the dis-rce–displacement data points (A) and unloading stiffness (B).
Fig. 7. Effect of friction on the overall force–displacement curve for the sample with
29.9% of BV/TV (A), normalized force–displacement (B) and normalized unloading
stiffness-displacement curves (C) (light blue: 0.1, blue: 0.2 and dark blue: 0.4).
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Fig. 8. Force-displacement curves for the sample with BV/TV = 29.9% for different
meshing strategies of coarse, fine, regular with and without refined zone.
6 M. Ovesy et al. / Journal of Biomechanics 107 (2020) 109844placement of 15.5 mm, whereas it altered the values by 6% when
using the fine mesh instead of the regular mesh. Although percep-
tible, mesh convergence remains above 5% for the regular mesh,
but the fine mesh requires excessive computational resources for
the full study (see supplementary material).4. Discussion
In this study, an explicit formulation of the implicit bone dam-
age model proposed by Schwiedrzik et al., 2013 was implemented
in the Abaqus software and applied to a conical press-fit problem.
The model aimed to provide a better insight into the insertion pro-
cess and the resulting primary stability of bone-implant systems in
terms of stiffness. An experiment was designed where a rigid cone
was progressively inserted in cylindrical hollow trabecular bone
samples with a servo-hydraulic testing system and structural stiff-
ness was quantified at various levels of press-fit. Both monotonic
cone insertion and stepwise interrogation of stiffness were then
simulated with an explicit finite element scheme for six bone sam-
ples. Sensitivity analysis for the friction coefficient was performed
and a brief convergence analysis for the mesh was completed.
The insertion force increased with translation of the cone in
both experiment and simulation. This trend was still observed
when the force was normalized with BV/TV of the press-fit section
and is attributed to the growing contact area between cone and
sample (Rong and Huang, 2005). This is in accordance with the lin-
ear increase in force observed in other press-fit experiments
(Bishop et al., 2014; Damm et al., 2017). The cyclic loops visualized
in both simulation and experiment also resemble the loops
reported in the literature due to coupling of axial translation, nor-
mal and frictional forces (Kaze et al., 2015).
The modeling approach proposed in this work has several ben-
efits for the simulation of bone-implant systems.
First, it can reproduce the large deformations associated with
implant insertion by deleting the highly distorted elements and
then extract the resulting stiffness reflecting primary stability of
the implant. Unlike previous methods, there is no need to account
for the actual amount of damage based on the post-implanted
image analysis as damage is introduced through the flow of plastic
strains on the defined yield surface. In addition, although some
models do not account for the variation of BV/TV in trabecular
bone, this model is based on averaging the bone properties in a cer-
tain vicinity. In homogenized models, the number of elements is
much lower than in micro-FE models, enabling the simulation of
larger geometries (for instance a femoral shaft) in an acceptable
time. In this study, ten sections with distinct material properties
were sufficient to capture the heterogeneity of the samples.
Second, applying frictional contact at the bone-implant inter-
face gives insight into the effect of implant design and surface
M. Ovesy et al. / Journal of Biomechanics 107 (2020) 109844 7treatment on micromotions and potential loosening of implant
that is not achievable using fully bonded models. The increasing
friction coefficient resulted in augmentation of both force and stiff-
ness that is attributed to the larger shear forces at the interface
(Kelly et al., 2013). In addition, the explicit solver can overcome
the convergence problems occurring with implicit solvers when
elements undergo large distortions.
Nevertheless, this study also has several limitations. First, the
stiffness reduction due to element deletion in the FE analysis pro-
duces oscillations in the force–displacement curves (Werner et al.,
2019). However, the oscillations did not seem to play a significant
role in the extraction of the force and stiffness values when using
different types of elements. Developing a nonlocal damage model
in the explicit scheme by either averaging the damage parameter
in a certain region (Hosseini et al., 2015) or adding corrective forces
to the surrounding elements (Harrison et al., 2013) could reduce
these oscillations. The oscillations may be reduced by increasing
the number of elements in the model and therefore reduction of
the stiffness variation due to element deletion. However, this
would require excessive computational resources for an explicit
approach. Second, the use of a simple cone geometry for the
implant and the use of transversely isotropic bovine trabecular
bone without cortical shell. This was done to focus on the press-
fit principle rather than a specific type of implant and to ease the
comparison among bone samples by reducing geometrical and
BV/TV variations. In addition, the conical shape allowed to increase
the contact area of the implant with the bone along the insertion
process similar to numerous clinical applications. Third, the use
of single damage variable in the constitutive model that reduces
bone stiffness in the same manner in both shear and hydrostatic
compression. The introduction of multiple damage variables such
as the model proposed by Levrero-Florencio and Pankaj, 2018
may allow a better description of the softening behavior of the
bone-implant interface for different ratios of compaction and shear
stresses. Overcoming this limitation requires a more sophisticated
experiment that was out of the focus of this study.5. Conclusion
The developed explicit homogenized finite element approach
allows simulating insertion of a rigid implant in frictional contact
with a continuous bone mesh that undergoes large deformations
and avoids excessive element distortions by triggering element
deletion. The approach accounts for bone damage produced by
implant insertion and provides a fair estimation of both reaction
force and structural stiffness. The time associated with image pro-
cessing, meshing and computation is strongly reduced when com-
pared to previous strategies. Following this encouraging proof of
concept with a conical implant geometry, the developed explicit
finite element methodology can be applied to estimate the primary
stability of bone-implant systems and simulate micromotions at
the interface in dental and orthopedic applications.
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An existing implicit material modeling for bone proposed by
Schwiedrzik et al., 2013 based on the second Piola-Kirchhoff stress
and Green Lagrange strain was chosen and adapted to be imple-
mented in the explicit solver scheme. In this model, bone is
assumed to exhibit an elasto-plastic behaviour with damage and
a quadric yield surface. The material constants of bone depend
on BV/TV and a fabric tensor M characterizing material anisotropy
(Matsuura et al., 2008; Zysset and Curnier, 1995). In Abaqus expli-
cit scheme (VUMAT), the Cauchy stress (T) needs to be updated in
each increment:
T ¼ 1 D jð Þð ÞT E Epð Þ ð1Þ
where E and Ep are the total and plastic strain tensors, respec-
tively and T represents the fourth-order material stiffness tensor.
The stress is reduced using damage function (D jð Þ) that is defined
based on cumulated plastic strain (j) throughout time (t):
D jð Þ ¼ Dc:ð1 ekpjÞ ð2Þ
j ¼
Z t
0
k _Epkds ð3Þ
where (Dc) and (kp) are constants and ( _Ep) is the rate of the plastic
strain tensor.
In the explicit scheme by applying the central difference the-
ory on the position vectors at the end (xðt þ DtÞ) and beginning
(xðtÞ) of the time increment, the velocity vector at the middle
point of the time increment (vðt þ Dt2 Þ) is calculated (Nemat-
Nasser, 2004):
x t þ Dtð Þ ¼ x tð Þ þ v t þ Dt
2
 
:Dt ð4Þ
Under the assumption of small-time increments and applying
the central difference theory to the deformation gradient tensor
(F):
Fðt þ Dt
2
Þ ¼ 1
2
ðF t þ Dtð Þ þ FðtÞÞ ð5Þ
Fðt þ DtÞ ¼ F Dtð ÞFðtÞ ð6Þ
_F t þ Dt
2
 
¼ F t þ Dtð Þ  F tð Þ
Dt
ð7Þ
the velocity gradient tensor (L) is driven by the following
equations:
L t þ Dt
2
 
¼ _F t þ Dt
2
 
:F1 t þ Dt
2
 
¼ 2
Dt
ðFðDtÞ  IÞðFðDtÞ þ IÞ1
ð8Þ
Using tensor ðL), the strain rate tensor ðD) and the spin tensors
ðW) are defined as:
D ¼ 1
2
ðL þ LTÞ ð9Þ
W ¼ 1
2
ðL  LTÞ ð10Þ
In the VUMAT the strain increment, the deformation gradient
tensor at the beginning and the end of the time increment are
given by the subroutine, however, the strain tensor needs to be
defined as follows:
E t þ Dtð Þ ¼ E tð Þ þ D t þ Dt
2
 
:Dt ð11Þ
8 M. Ovesy et al. / Journal of Biomechanics 107 (2020) 109844In addition, the total strain, the plastic strain, and the stress ten-
sors need to be rotated from the element coordinate system to the
material coordinate system at the beginning of the subroutine and
back rotated at the end of the increment.
Hughes and Winget, 1980 proposed the proper orthogonal
incremental rotation tensor (R) as:
R t þ Dtð Þ ¼ IW
2
Dt
 1
ðIþW
2
DtÞ ð12Þ
where it is proven that RRT ¼ I.
Appendix B. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiomech.2020.109844.References
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